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In many plants species, including Arabidopsis (Ooms et al., 1993) , seed maturation is accompanied by the accumulation of soluble oligosaccharides (OSs) (Horbowicz and Obendorf, 1994) . These OSs, mainly Suc and raffinose series oligosaccharides (RSOs) are found in cotyledons, seed coats, and hypocotyls (Obendorf, 1997 and references therein). RSOs are derivatives of Suc to which Gal units are added to the Glc moiety of Suc through ␣-(1,6) bonds. Raffinose contains one Gal unit, whereas stachyose has two such units. RSOs appear during the later stages of seed development and they disappear upon germination (Obendorf, 1997) . In Arabidopsis, seeds of the accession Landsberg erecta (Ler) accumulate raffinose and especially stachyose at the later stages of seed development, whereas the Suc content remains constant (Ooms et al., 1993) . These three OSs together represent approximately 2% of the dry weight of mature seeds.
Studies in several species such as soybean (Glycine max), maize (Zea mays), and brassica (Brassica campestris [rapa] ) have suggested that OSs might be involved in the protection of seeds against damage during seed dehydration and aging, and therefore in seed survival and storability (for review, see Obendorf, 1997; Sinniah et al., 1998) . OSs have been speculated to be involved in the protection of membranes, proteins, and nucleic acids against damage that occurs during and upon the withdrawal of water in the drying seeds (Hoekstra et al., 1991) . This protective role of OSs has been explained mainly by their capacity to retain the integrity of membranes through their interaction with the phospholipid headgroups, thus replacing water during dehydration. In addition, removal of water molecules from phospholipids can lead to membrane phase transitions at physiological temperatures (Hoekstra et al., 1989) . When water is available, these transitions coincide with membrane leakage and cell death. Hoekstra et al. (1991) have shown that OS can depress the temperature of membrane phase transitions and prevent leakage of cellular solutes. Furthermore, free radicals may accumulate and cause damage to cellular components and structures during seed aging because scavenging systems are not operating at low moisture contents (McDonald, 1999) . It has been suggested that OSs may form a viscous glassy state (condition in which a liquid achieves such high viscosity that it resembles a solid) (Leopold et al., 1994) , which prevents molecular interactions, resulting in damage to membranes and macromolecules (Crowe et al., 1987) . This glassy state in seeds seems to serve as a physical stabilizer protecting against deteriorative reactions. In particular, RSOs have been shown to have an excellent ability to form stable glasses, and therefore they have been considered essential components for the storability of seeds (Koster and Leopold, 1988) .
Seed storability, defined as the longevity of seeds after storage, represents a trait important for the conservation of seed resources. However, to test this character seeds need to be stored for long times, and for that reason so-called controlled deterioration tests (CDT) have been developed (Powell and Matthews, 1984; Hampton and TeKrony, 1995) as an alternative to analyze this property more efficiently. In such tests, seed moisture content and temperature are increased to artificially accelerate seed aging. The viability of the seeds after CDT has been shown to be a reliable measurement for determining seed storability in a number of species, including Arabidopsis, where it has been tested using mutant seeds with storability defects (K. Tesnier, personal communication).
Despite substantial studies of both traits, seed OS composition and seed storability, their genetic analysis has been hampered due to their quantitative nature. It is only in the last decade with the advent of molecular marker technologies and the development of QTL-mapping procedures that genetic analyses and the identification of genomic regions controlling quantitative traits have become feasible (Tanksley, 1993; Jansen, 1996) . The use of homozygous permanent mapping populations such as recombinant inbred lines (RILs) is very efficient in this respect, because it is possible to study an indefinite number of traits on the same experimental population, enabling the detection of loci with putative pleiotropic effects (i.e. one locus affecting different traits) (Prioul et al., 1997) . The localization of QTL in plant species such as Arabidopsis, where molecular analyses can be performed efficiently, may eventually lead to the molecular identification of the respective genes (for review, see Alonso-Blanco and Koornneef, 2000) .
In the present work we have analyzed the seedsoluble OS content of several Arabidopsis accessions and identified the genotype Cape Verde Islands (Cvi) as having a very low RSO content. A QTL-mapping approach has been used on an RIL population derived from a cross between Cvi and the laboratory accession Ler (Alonso-Blanco et al., 1998b) differing in the OS composition to identify and locate the loci responsible of OS variation. In addition, we have analyzed the same RIL population to locate QTL for seed storability to investigate if there are loci with pleiotropic effects on these two traits in Arabidopsis as it has been suggested for other species. To determine genetic variation in seed-soluble OS content among Arabidopsis accessions, we have analyzed the seed-soluble OS composition of 10 accessions (Fig. 1) . Suc appeared as the most abundant sugar in all of them, and raffinose and stachyose were the only detectable RSOs. Monosaccharides (Fru and Glc) were not detectable. The accession Wassilewksija (Ws-1) showed the highest RSO content and, opposite to all other analyzed accessions, had more raffinose than stachyose. In contrast, Cvi contained very low levels of RSOs. Nevertheless, the total OS content in Ws-1 and Cvi was not significantly different from that of other genotypes with the exception of Shahdara (Shah) and Rschew-1 (RLD-1) in which the total amount of Suc plus RSOs was significantly higher compared with the other accessions.
RESULTS

Variation for
To identify and locate QTL responsible for the genetic variation observed for seed OS contents we have analyzed an RIL mapping population derived from the cross between Cvi, the lowest RSO content accession, and the laboratory accession Ler. Although, the analysis of other crosses such as Ws-1 ϫ Cvi might show larger variation, the availability of a permanent mapping population between Cvi and Ler offers unique advantages (Alonso-Blanco and Koornneef, 2000) . As shown in Figure 2 , the RIL population showed transgression in both directions for Suc content. However, for raffinose and stachyose, transgression was only detected toward higher contents due to the low amount of RSOs in the Cvi parent. The levels of the three OSs were correlated among the RILs; raffinose content was positively correlated with stachyose content (r ϭ 0.77), whereas Suc content correlated negatively with the raffinose and stachyose contents (r ϭ Ϫ0.34 and r ϭ Ϫ0.39, respectively).
To investigate if the OS content was maternally affected we have analyzed hybrid seeds obtained from reciprocal crosses between the parental lines Ler and Cvi. As shown in Figure 3 , the content of the three soluble OS was significantly different in the reciprocal hybrid seeds. The two sorts of hybrid seeds differed in their raffinose content, the contents being similar to those observed in seeds of the female parent, indicating maternal effects. The stachyose contents of the reciprocal hybrid seeds were different but intermediate between both parental values, suggesting both maternal and zygotic effects and partial dominance of the higher stachyose level. In contrast, the Suc content of the hybrid seeds was comparable with that in the seeds of the male parent, suggesting paternal effects.
Mapping QTL Controlling Seed-Soluble OS Content
QTL mapping was performed for the quantity of the three major OSs (Suc, raffinose, and stachyose) (Fig. 4) . In total, four genomic regions were detected, one affecting the content of the three OSs and an additional QTL specific for each OS. The additive effects of these QTL accounted for 72%, 45%, and 32% of the total variance for stachyose, raffinose, and Suc, respectively. The region on the lower arm of chromosome 1 near the amplified fragment length polymorphism marker EC.88C explained 71%, 41%, and 14% of the variation for stachyose, raffinose, and Suc, respectively. This QTL appears as the major locus responsible for the observed variation in RSO content, its Ler allele increasing the seed content of both RSOs and decreasing the content of Suc. The Ler allele for the additional QTL affecting raffinose (chromosome 2) and stachyose (chromosome 1) decreases the content of these OSs. The additional QTL affecting Suc (chromosome 3) is the largest QTL affecting this OS and it explained 18% of the variance of the lines. The Ler allele at both Suc QTL decreases the content, which indicates that other QTL controlling this trait remained undetected to explain transgression for higher Suc (Fig. 2) .
Analysis of QTL interactions detected significant epistasis between the two loci on chromosome 1 affecting stachyose content (P ϭ 0.003). RILs carrying a Cvi allele at marker GD.86L and a Ler allele at marker EC.88C had a higher stachyose content than the high RSO content parent Ler, whereas RILs bearing the opposite allelic combination showed a similar content as Cvi. Therefore, the Cvi allele at the QTL near the marker GD.86L increases the stachyose content only when the QTL at EC.88C carries a Ler allele in agreement with the observed transgression in only one direction (Fig. 3) .
Localization of RSOs Biosynthesis Genes
Since the QTL on chromosome 1 is the major locus controlling the OS variation in seeds, we searched for candidate genes in this genomic region. The genomic nucleotide sequences available in the databases as part of the International Arabidopsis Genome Project (http://www.arabidopsis.org) were analyzed to look for putative genes encoding known OS biosynthesis and degradation enzymes. The four putative enzymes were: galactinol synthase (GC; EC 2.1.4.123), raffinose synthase (RS; EC 2.4.1.82), stachyose synthase (SS; EC 2.4.1.67), and ␣-galactosidase (EC 3.2.1.22) (Krebbers et al., 1997) . GS catalyzes the first committed step in the biosynthesis of RSO (Krebbers et al., 1997). RS and SS control subsequent steps in the biosynthesis of raffinose saccharides by adding a Gal unit to Suc or raffinose, respectively. The enzyme ␣-galactosidase degrades the RSOs. Two genes encoding, respectively, GS and RS were located on two different bacterial artificial chromosome (BAC) from a BAC contig in the lower arm of chromosome 1. Furthermore, homologous sequences of these genes were also found in other regions of the Arabidopsis genome, which suggests that both genes belong to gene families. We designed cleaved amplified polymorphic sequence (CAPS) markers specific for both genes and mapped them in the Ler/Cvi RIL population. The two genes appeared closely linked to the QTL around marker EC.88C on chromosome 1 and therefore, they are possible candidate genes for this major QTL.
Mapping QTL for Seed Storability
To determine whether there is a functional relationship between seed-soluble OS content and storability of seeds we have analyzed the same Ler/Cvi RILs to map QTL for this trait. Seed storability was measured as viability under two different seed aging assays, after natural aging following 4 years of storage and after artificial aging promoted by a CDT (see "Materials and Methods"). The two parental accessions Ler and Cvi were both relatively sensitive to the CDT, although they differed significantly (Fig. 5) , Ler being more sensitive to the test conditions (lower storability) than Cvi. The RIL population showed transgression toward higher germination percentages, indicating the presence in the two parental lines of alleles increasing and reducing the tolerance to the given controlled stress (Fig. 5) . Four putative QTL (Fig. 6) were identified affecting viability after controlled deterioration, their additive effects accounting for 56.5% of the phenotypic variance. These are QTL located on chromosome 1 (two closely linked QTL), chromosome 3, and chromosome 5. In addition to germination, the fraction of aberrant seedlings among germinating seeds is another parameter commonly used to measure seed storability (Coolbear, Figure 4 . QTL likelihood maps for seed-soluble OS contents of the five linkage groups of Arabidopsis. The abscissas correspond to the genetic maps in cM; 1 through 5 indicate the linkage group number. The horizontal dotted lines correspond to the LOD score threshold of 2.8 used to declare the presence of a QTL. Two-LOD support intervals for the significant QTL are shown as black bars along the abscissas. QTL effects are shown for linkage groups 1 and 3 where the major QTL are located. These are given as twice the additive allele effects, i.e. as the mean differences between the two RIL genotypic groups carrying the Ler and Cvi alleles. A positive QTL effect represents that the Ler allele increases the content. The percentage of phenotypic variance explained by each QTL is reported close to the corresponding LOD score peak.
1995) and was also analyzed. This trait showed a high correlation with the germination values after the CDT (r ϭ 0.90) and QTL at similar positions were found to be responsible for its variation (data not shown).
The germination percentages after natural aging ranged from 61% to 100% (average 97). The QTL mapping for seed viability after 4 years of storage resulted in one QTL located on chromosome 1, which accounted for 18.3% of the phenotypic variance; a QTL at similar position was also the largest effect QTL detected after the CDT. QTL mapping for natural aging did not reveal any additional loci affecting storability.
The comparison of map positions between the detected QTL for seed-soluble OS content and storability showed two genomic regions containing QTL for both traits (Fig. 7) . The top of chromosome 1 affected stachyose content and storability and the locus on top of chromosome 3 affected Suc content and storability. No significant effect on seed storability was found in the vicinity of the OS QTL region around EC.88C on chromosome 1.
DISCUSSION
During the past decade the use of molecular marker technology and QTL mapping have contributed to a better understanding of the genetic basisof many agriculturally and biologically important quantitative traits, such as yield (Stuber et al., 1987) resistance/ tolerance to biotic and abiotic stress (Koornneef and Peeters, 1999), and nutritional quality in numerous crops species (Paterson et al., 1991) . In the present work we have used Arabidopsis for the analysis of seed content of the three main soluble OSs (Suc, raffinose, and stachyose) and showed that considerable variation exists among accessions (Fig. 1) . By performing QTL mapping for seed OS content in a RIL population derived from a cross between the two accessions Ler and Cvi differing in seed OS composition, we identified one major QTL responsible for the practically monogenic segregation observed for seed stachyose content. It is very likely that this QTL affected pleiotropically the contents of the three detected OSs, showing opposite effects on RSOs and Suc contents. This locus might therefore be involved in the biosynthetic pathway of RSOs. Two candidate genes encoding for GS and RS were mapped within the 2-logarithm-of-odds (LOD) support interval of this QTL, the genetic distance between both genes being approximately 5 cM. Nevertheless this region has not been sequenced completely and other genes not found in this analysis and involved in RSO biosynthesis and degradation (i.e. SS and ␣-galactosidase) might locate within this interval. Further fine mapping using recombinants in this region, as well as complementation by plant transformation can be used in the future to determine whether any of these candidate genes corresponds to this QTL.
The maternal effects for stachyose and raffinose seed content detected by the analysis of OSs in hybrid seeds obtained in reciprocal crosses between the parental lines suggest either production of raffinose and stachyose by the testa or import of RSOs from maternal tissues. In agreement with this observation is the function that OSs and especially stachyose might have as transport sugars, as was described in cucurbits (Beebe and Turgeon, 1992) . However, the apparent paternal effects observed on Suc content are rather unexpected and suggest an even more complex genetic control of the seed Suc content. Nevertheless, it should be noted that the parental and the reciprocal hybrids seeds differ considerably in size and that paternal effects on the seed size variation of these materials could not be excluded (AlonsoBlanco et al., 1999) . The two seed Suc content QTL identified in this work colocated with seed size QTL reported previously (Alonso-Blanco et al., 1999) . Since Suc seems to play an important role in the metabolic control of seed size (Weber et al., 1997) , it is possible that some of these colocations are due to pleiotropic effects from the same gene on both traits.
The accessions Ler and Cvi were originally collected in nature, and therefore the observed variation in seed OS contents might be related to the adaptive properties of both genotypes. It has previously been shown (Liu et al., 1998 ) that cold increases the levels of GS mRNA, which suggests that this gene and RSOs may play a role in cold adaptation. Ler originates from northern Europe (Rédei, 1992) , whereas Cvi comes from the Cape Verde Islands (Lobin, 1983) located at 16°N with a subtropical climate. Thus, the Ler and Cvi RSO contents and the allele effects at the major OS QTL were in agreement with this speculation, suggesting that seed RSOs might be involved in seed survival at low temperatures.
To determine whether OSs are important for seed storability, we have mapped QTL affecting this trait in the same RIL population analyzed for seed-soluble OS content. We have measured seed storability as viability (germination) after natural aging and after artificial aging induced by a CDT. The major QTL affecting storability was detected in both seed aging assays. However, the effect of the CDT on the viability of the seeds was much stronger than the effect of the natural aging, resulting in a more accurate mapping. Therefore, these results indicate that the CDT is a useful method to artificially accelerate seed aging. The comparison of map positions between the QTL identified controlling seed OS contents and the QTL affecting seed storability showed colocations in two regions (Fig. 7) . The genomic region on top of chromosome 1 only marginally affected the stachyose content (its additive effects accounting for 4% of the variance) but considerably influenced seed storability (16.2% of the variance); the region on chromosome 3 strongly affected Suc content (18% of the variance) and had only a slight effect on seed storability (4.7% of the variance). In both cases a higher OS content co-segregates with better storability, and these colocations might be interpreted either as the presence of two closely linked genes or as a consequence of pleiotropy, higher seed content of either stachyose or Suc leading to increased viability after Figure 6 . QTL likelihood maps for seed storability measured as viability after the CDT (solid line) and 4 years of natural aging (dashed line). The abscissas correspond to the genetic maps in cM (the linkage group number being indicated in the right upper corner of each panel). Horizontal dotted lines correspond to the LOD score threshold of 2.8 used to declare the presence of a QTL. Two-LOD support intervals for the significant QTLs are shown as black bars along abscissas. The additive QTL effects are expressed as probit units of the germination percentage after the CDT. These are estimated as the mean differences between the two RIL genotypic groups carrying the Ler and Cvi alleles (a positive value implies Ler increases the corresponding phenotypic value). The percentage of variance explained by each QTL is reported close to the corresponding LOD score peak.
CDT. However, the major locus on chromosome 1 controlling RSOs and Suc in opposite directions did not show any significant effect on the germination ability after controlled deterioration. We conclude that in the studied material the variation observed for OS content does not evidently affect seed viability after CDT and that neither RSOs nor Suc had an apparent specific effect on seed storability. Nevertheless, this does not imply that OSs are not involved in seed protection and storability. Both RSOs and Suc might affect seed storability but due to the effect of the major OS QTL on both RSOs and Suc contents, their roles on storability might have been compensated and masked. Given the strong effect of the major OS locus on chromosome 1 on RSOs and the relatively smaller effect on Suc seed content, it is suggested that RSOs seem not to be substantially better than Suc in protecting the seeds against controlled deterioration.
In addition, several other loci appeared to affect seed storability independently from seed OS content, which shows genetic variation for other factors involved in this complex trait. Deterioration of seeds during storage has frequently been related to free radical-mediated oxidative damage of proteins, nucleic acids, and membranes (Coolbear, 1995) . Factors controlling either the protection of cell structures or the recovery from damage might determine the difference between the two genotypes, Ler and Cvi. In particular, some of the QTL that we have identified for viability after CDT colocated with a cluster of genes related to stress tolerance on the top of chromosome 1 (Taji et al., 1999; Thorlby et al., 1999) . Further fine mapping of these loci, combined with the analysis of other related traits, will allow the identification of the corresponding genes involved in the storability genetic variation.
MATERIALS AND METHODS
Plant Material and Growth Conditions
The following Arabidopsis accessions (the Nottingham Arabidopsis Stock Centre nos. are indicated in parentheses) were analyzed for OS content: C24 (N906), Col (N907), Ct-1 (N1094), Cvi (N8580), Eil-0 (N1133), Ler (NW20), Mt-1 (N1380), Shah (N929), RLD-1 (N913), and Ws-1 (N2223). F10 seeds of a set of 162 RILs, derived from crosses between the laboratory strain Ler originated from northern Europe (Rédei, 1992) and the accession Cvi, from the Cape Verde Islands (Lobin, 1983) , were analyzed. These RILs have been previously characterized for amplified fragment polymorphism and CAPS markers (Alonso-Blanco et al., 1998b) .
Plants were grown in an air-conditioned greenhouse supplemented with additional light (model TDL 58W/84, Philips, Eindhoven, The Netherlands) from middle September until the beginning of April, providing a day length of at least 14 h (temperature, 22°C-25°C). To reduce developmental and environmental effects on the various seed traits analyzed, we synchronized the onset of flowering and thereby of seed development. To do so the RILs were planted at three subsequent weeks according to their respective flowering times (Alonso-Blanco et al., 1998a) , and the seeds of all genotypes were harvested on the same day. Twelve plants per RIL were grown in a two-block design to avoid environmental effects and their seeds harvested in a single bulk. For the accession analysis, six plants per genotype were grown, and their seeds were bulk harvested. Seed OS content analysis and the CDT were performed on seeds of the RILs and parental lines stored in the same open box for 2 years and 2 months at room temperature. To test the natural aging the seeds have been stored for 4 years under the same conditions. The seeds of the accessions and the crosses were stored under similar conditions during 4 months before analysis of their OS content.
Sugar Content Measurement
One hundred seeds from bulks of six to 12 plants were weighed and homogenized in 80% (v/v) methanol with the addition of 25 g of melezitose as internal standard. The homogenate was heated for 15 min at 75°C and centrifuged 5 min at 10,000g. The supernatant was vacuum evaporated, and its residue was resuspended in 0.5 mL of pure water and injected into a Dionex HPLC system (Dionex, Sunnyvale, CA). Sugar content was determined with a high-pHanion-exchange HPLC, using a gradient pump module (model GP40, Dionex) and an ED40-pulsed electrochemical detector (Dionex). Sugars were chromatographed on a CarboPac PA100 4-ϫ 250-mm column (Dionex) preceded by a guard column (CarboPac PA100, 4 ϫ 50 mm). Mono-, di-, and trisaccharides were separated by elution in increasing concentration of NaOH (50-200 mm) with a flow rate of 1 mL per minute. Peaks were identified by co-elution of standards. Sugar quantity was corrected by means of the internal standard and transformed to micrograms of sugar per milligram of seed.
Seed Storability Measurement
Seed storability was determined as viability (germination) after natural aging during 4 years and after the CDT. The CDT was performed as follows: bulked seeds from 12 plants, stored for 2 years and 2 months at room temperature, were equilibrated at 85% relative humidity (the obtained seed moisture content was approximately 10.5%). Thereafter the seeds were artificially aged during 4 d at 40°C because preliminary experiments showed that this deterioration is the most discriminative between Ler and Cvi (data not shown), and they were dried back at 32% relative humidity and 20°C during 3 d. The seeds were stored at 5°C, and thereafter germination was tested. Germination of 100 CDT-treated seeds (two replicates of 50 seeds) was tested on moist filter paper at 20°C and a 12-h-dark/12-h-light cycle by visually inspecting root tip emergence during 2 weeks. Non-germinating seeds were not viable as shown by the absence of staining in a tetrazolium viability test (Moore, 1985) . In addition, the quality of the emerging seedlings was recorded by scoring the number of morphologically aberrant seedlings.
Natural aging was tested by performing a germination test on 4-year-old seeds (stored dry at room temperature without humidity control). Seeds were sown in triplicate (70-100 seeds per 6-cm Petri dish) on water-soaked filter paper (no. 595, Schleicher & Schull, Keene, NH) and exposed to cold (4°C) during 3 d. Thereafter seeds were transferred to a climate room (25°C, 16-h light/day; model TL57, Philips), and germination was scored after 7 d. The average germination percentages of the three replicates were calculated.
QTL Analysis
To map QTL using the RIL population, a set of 99 markers covering most of the Arabidopsis genetic map was selected from the previously published RIL Ler/Cvi map (Alonso-Blanco et al., 1998a) . These markers spanned 482 cM with an average distance between consecutive markers of 5 cM and the largest genetic distance being 12 cM. Storability data (germination after 4 years of storage and viability after the CDT) were transformed to probit units to achieve normality.
The computer program MapQTL version 4.0 (Plant Research International, Wageningen University and Research Centre, Wageningen, The Netherlands) was used to identify and locate QTL linked to the molecular markers using both interval mapping and multiple-QTL model mapping (MQM) methods as described in its reference manual (http://www.cpro.wag-ur.nl/cbw/mapping/). The estimated additive effect and the percentage of variance explained by each QTL as well as the total variance explained by all of the QTL affecting a trait, were obtained with MapQTL in the final MQM model. For this, different cofactor markers were tested around the putative QTL positions (van Ooijen and Maliepaard, 1996) , selecting as final cofactors the closest marker to each QTL, i.e. those maximizing the LOD score. A LOD score threshold of 2.8 was applied to declare the presence of a QTL, which corresponds to a general genome-wide significance P ϭ 0.05 for normally distributed data, as was determined by extensive simulation experiments (van Ooijen, 1999) . We verified this threshold for interval mapping by applying the permutation test to each data set (10,000 repetitions) and found a P ϭ 0.05 LOD threshold of 2.6 for all traits. Two-LOD support intervals were established as Ϸ95% confidence intervals (van Ooijen, 1992) .
For every trait, two-way QTL interactions were analyzed by ANOVA at a significance level of P Ͻ 0.005, using the general linear model module of the statistical package SPSS version 7.5 (SPSS, Inc., Chicago). For each analysis, the closest linked markers to the corresponding detected QTL were used as random factors in the ANOVA (the same markers used as cofactors in the MQM mapping with MapQTL).
